Rationale Increasing clinical evidence suggests that menthol, a significant flavoring additive in tobacco products, may contribute to smoking and nicotine dependence. Relapse to smoking behavior presents a formidable challenge for the treatment of tobacco addiction. An unresolved issue is whether the mentholation of tobacco products precipitates relapse to tobacco use in abstinent smokers. Objectives The present study examined the effects of menthol on the perseverance and relapse of nicotine-seeking behavior in rats. Methods Male Sprague-Dawley rats were trained to press a lever for intravenous nicotine self-administration (0.03 mg/kg/ infusion) under a fixed-ratio five schedule of reinforcement. Each nicotine infusion was signaled by the presentation of a sensory stimulus that was established as a discrete nicotineconditioned cue. Five minutes prior to the sessions, the rats received an intraperitoneal injection of menthol (0.1 mg/kg) or vehicle. In the subsequent extinction test sessions, nicotine was unavailable with or without menthol and/or the nicotine-conditioned cue. The reinstatement tests were performed the following day after the extinction criterion was met. Menthol was also tested on food-seeking responses. In a subset of nicotine-trained rats, a transient receptor potential melastatin 8 (TRPM8) antagonist RQ-00203078 was given prior to menthol administration. Results Continued administration of menthol sustained responses on the previously active and nicotine-reinforced lever in the extinction tests. The readministration of menthol after extinction reinstated active lever responses. In both the extinction and the reinstatement tests, a combination of pre-session menthol administration and cue representation during the session produced a more robust behavioral effect than either menthol or the cue alone. No such effects of menthol was observed in food trained rats. RQ-00203078 did not change menthol effect on nicotine seeking. Conclusion These data demonstrated that menthol specifically sustained and reinstated nicotine-seeking behavior, and this effect was independent of TRPM8 activity. These findings suggest that menthol in most tobacco products, even not menthol labeled, may contribute to the perseverance of and relapse to tobacco-seeking behavior.
Introduction
Worldwide, tobacco-related diseases have become a major problem, with substantial health and economic consequences (WHO 2015) . In the USA (CDC 2015) , tobacco smoking is a leading preventable cause of premature death, accounting for the loss of 480,000 lives each year. Currently, there are approximately 40 million adult smokers, representing 16.8% of the American adult population. Economic costs that are attributable to tobacco smoking-related diseases are more than US$300 billion each year. Although the majority of smokers want to quit smoking and have made attempts to do so, the vast majority (up to 97%) of smokers who try to quit eventually relapse and continue to smoke (Benowitz 2010; CDC 2014; Hughes et al. 2008; Shiffman et al. 1998) . Even when treated with medications that are currently approved by the US Food and Drug Administration (i.e., nicotine replacement, bupropion, and varenicline), long-term abstinence rates have remained unsatisfactorily low (Aubin et al. 2008; Gonzales et al. 2006; Jorenby et al. 2006; Rose and Behm 2014; Vogeler et al. 2016) . Thus, high rates of relapse present a formidable challenge for successful smoking cessation.
Approximately one third of smokers in the USA use menthol cigarettes (Caraballo and Asman 2011; Curtin et al. 2014; Giovino et al. 2004; Giovino 2010; Pearson et al. 2012; SAMHSA 2009 ). Notwithstanding the overall significant progress in reducing tobacco smoking over the last several decades, the use of mentholated cigarettes has become a growing problem, especially among the younger population (Giovino et al. 2015; SAMHSA 2009; USDHHS 2014) . Increasing evidence has shown a significant impact of menthol on perpetuation of the tobacco epidemic, with increases in both smoking experimentation and regular smoking and a decrease in smoking cessation success (Anderson 2011a, b; Benowitz and Samet 2011; Delnevo et al. 2011; Delnevo et al. 2015; Fagan et al. 2010 Fagan et al. , 2015 Giovino et al. 2015; TPSAC 2011) . For example, menthol smokers began smoking their first cigarette sooner after waking, inhaled more deeply, and presented heightened nicotine addiction (Ahijevych and Parsley 1999; Fagan et al. 2010; Hoffman and Simmons 2011; Hymowitz et al. 1995; Muscat et al. 2009; Okuyemi et al. 2003; Richter et al. 2008) . Furthermore, smokers who use menthol tobacco, compared with nonmentholated cigarette smokers, have lower success with smoking cessation and higher rates of relapse (Ahijevych and Garrett 2010; Besaratinia and Tommasi 2015; Foulds et al. 2010; Gardiner and Clark 2010; Levy et al. 2011; Pletcher et al. 2006; Reitzel et al. 2011 Reitzel et al. , 2013 Rojewski et al. 2014) . Some conflicting observations can be found in the literature (Gardiner and Clark 2010; Hoffman 2011) , particularly from reports that originated from tobacco companies (e.g., Wang et al. 2010; Werley et al. 2007 ) that suggest similar cessation outcomes among menthol and nonmenthol smokers. Unfortunately, the issue of whether menthol increases the difficulty of quitting has received little experimental attention.
One hypothesis is that, in addition to directly enhancing the reinforcing actions of nicotine as demonstrated in our previous studies (Biswas et al. 2016) , menthol in tobacco products even at a very low amount may readily acquire the properties of interoceptive cues for smoking and nicotine intake. Menthol may become an occasion setter that is predictive of the presence of nicotine reinforcement. To test this hypothesis, the present study used rat models of nicotine administration and relapse to examine the effects of menthol on the perseverance of operant lever-press responding for nicotine selfadministration and the reinstatement of nicotine-seeking behavior after extinction, with an emphasis on interactions between menthol as an occasion setter and discrete nicotineconditioned cues. This extinction-reinstatement procedure has been widely used to study a variety of drugs of abuse with good face and predictive validities, showing its translational value for our understanding of drug-seeking behavior (Bossert et al. 2013; Epstein et al. 2006; Shaham et al. 2003 for reviews).
Although not menthol labeled, almost all commercial tobacco products contain certain amount of menthol. In fact, the nonmenthol-labeled cigarettes contain menthol at approximately 1.8 to 73.5 μg/cigarette, which is about 100-to 1000-fold lower than menthol-labeled products (Ai et al. 2016; Farco and Grundmann 2013; FTC 2009; Gordon et al. 2011; Hopp 1993; Wayne and Connolly 2004) . Even though unable to directly change nicotine intake, such low dose of menthol in tobacco products may acquire occasion-setting properties, serving as a discriminative cue for smoking behavior and thus being predictive of nicotine consumption. Therefore, based on our preliminary data showing that menthol at 0.1-1 mg/kg but not 0.01 mg/kg produced a discriminative cueing effect on nicotine-seeking behavior, the present study used 0.1 mg/kg menthol to characterize the occasionsetting properties of menthol. This low dose of menthol is to some extent comparable to the menthol intake in heave smokers. As such, the results reported in this study may have relatively more clinical relevance. This study would extend a role of menthol in directly enhancing nicotine reinforcement to an interoceptive cueing role of menthol in maintaining and reinstating nicotine seeking. The results may shed a new light on our fully understanding the contribution of menthol to tobacco addiction. In specific, this study examined the effects of pre-session menthol administration on the perseverance and reinstatement of nicotine-seeking behavior and an interaction of menthol with a discrete nicotine-conditioned cue in these measurements. The effects of menthol on food-seeking behavior were also tested. In addition, to determine whether the classic menthol receptors, i.e., transient receptor potential melastatin 8 (TRPM8) ion channels (Peier et al. 2002) , are required for the observed effects of menthol, a selective TRPM8 antagonist RQ-00203078 was administered prior to menthol application.
Materials and methods

Subjects
Eighty-two male Sprague-Dawley rats (Charles River, Portage, MI, USA), weighing 176-200 g upon arrival, were used. The animals were individually housed in a humidityand temperature-controlled (21-22°C) colony room on a reverse light/dark cycle (lights on at 8:00 p.m., lights off at 8:00 a.m.). The rats were allowed the first week to acclimate the colony room with free access to laboratory chow. Starting in the second week, the animals were placed on a food-restriction regimen in which a ration of 20 g chow/day was provided to each rats. This feeding regimen allowed the rats to have consistent but low weight gain at approximately 85% of their free-feeding condition. The rats had unlimited access to water throughout the experiments. All of the experimental sessions were conducted during the dark phase at the same time each day (9:00 a.m.-3:00 p.m.). The experimental protocol was performed in accordance with the National Institutes of Health Guide for the Care and Use of Laboratory Animals and approved by the University of Mississippi Medical Center Institutional Animal Care and Use Committee.
Self-administration apparatus
Experimental sessions were performed in 16 standard operant conditioning chambers. These chambers were placed inside sound-attenuating, ventilated cubicles (Med Associates, St. Albans, VT, USA). Each chamber was equipped with two retractable response levers on one side panel and a 28-V white light above each lever. A red house light was located on the top center of the opposite panel of the chambers. Intravenous nicotine injections were dispensed by a drug delivery system with a syringe pump (model PHM100-10 rpm, Med Associates). Experimental events and data collection were automatically controlled by a computer and software (Med-PC version IV, Med Associates).
Lever-press training
Starting on the second day of the food-restriction regimen, the food training sessions began. The sessions started with the introduction of one lever, and rat responses on the lever were rewarded with the delivery of one food pellet (45 mg). When the rats earned a maximum of 45 food pellets on a fixed-ratio 1 (FR1) schedule, the reinforcement schedule was increased to FR5. The training session ended after the rats earned 45 food pellets on the FR5 schedule. Such training effectively facilitates the learning of operant responding for nicotine selfadministration (see as follows).
Intravenous catheterization surgery
The catheters were constructed of a 15-cm piece of silastic tubing (0.31 mm inner diameter, 0.63 mm outer diameter; Dow Corning, Midland, MI, USA) attached to a 22-gauge stainless steel guide cannula. The cannula was bent and molded onto a tissue-compatible monofilament polypropylene mesh (Davol, Warwick, RI, USA) with dental cement that became the catheter base. Under isoflurane anesthesia (1-3% in 95% O 2 and 5% CO 2 ), the catheter base was anchored beneath the skin at the level of the scapulae. The catheter tubing passed subcutaneously to the ventral lower neck region and was inserted into the right jugular vein (2.5 cm). The rats were allowed at least 7 days to recover from surgery. During the recovery period, the catheters were flushed daily with 0.1 ml of heparinized (30 U/ml) saline containing gentamicin (20 mg/ml) to maintain catheter patency and prevent infection. Thereafter, the catheters were flushed with heparinized saline before and after the experimental sessions. On weekends without experimental session, the catheter was flushed once a day.
Nicotine self-administration and conditioning training
The rats received daily 1-h training sessions for intravenous self-administration of nicotine (0.03 mg/kg/infusion, free base). (−)-Nicotine hydrogen tartrate (Sigma-Aldrich, St. Louis, MO, USA) was dissolved in physiological saline. The pH was adjusted to 7.0 ± 0.4 with 1 N sodium hydroxide, and the solution was sterilized by filtration through a 0.22-μm syringe filter (Fisher Scientific, Pittsburgh, PA, USA). The rats were placed in the operant conditioning chambers and connected to the intravenous drug infusion system. The sessions began with extension of the two levers and illumination of the red house light. When the rats reached the required number of FR responses on the active lever, an infusion of nicotine was delivered in a volume of 0.1 ml over approximately 1 s, depending on the rat's body weight. Each nicotine infusion was signaled by the presentation of an auditory/visual stimulus that consisted of a 5-s tone and 20-s illumination of the light above the active lever. This stimulus was discretely conditioned to nicotine self-administration and became a nicotine cue. A 20-s timeout period followed each nicotine infusion, during which time responses were recorded but not reinforced. An FR1 schedule was used for days 1-5, an FR2 for days 6-8, and an FR5 for the remaining days of the experiments. Responses on the inactive lever were recorded but had no programmed consequences. All rats received 25 daily sessions, since our previous work has demonstrated successful establishment of stable nicotine self-administration under such a training schedule (Liu et al. 2008; Liu 2014) . Rats met the criterion of ≥ 10 infusions per session with ≤ 20% variation for at least three consecutive sessions.
Five minutes prior to each session, the rats received an intraperitoneal injection of menthol (0.1 mg/kg) or its vehicle (1 ml/kg). (−)-Menthol (cyclohexanol-5-methyl-2-[1-methylethyl]) was purchased from Sigma-Aldrich (St. Louis, MO, USA). It was first dissolved in dimethyl sulfoxide (DMSO; St. Louis, MO, USA) and then diluted with deionized water to a final DMSO concentration of 50% (v/v).
Extinction
After completion of the self-administration and conditioning training sessions, the rats were subjected to daily 1-h extinction sessions where nicotine-reinforced lever responding was extinguished by withholding nicotine and its cue. Responses on the active lever resulted in the delivery of saline rather than nicotine, and the cue was not presented. The FR5 schedule and 20-s timeout period were still in effect for saline infusions. The pre-session administration of menthol (or its vehicle) and/ or in-session response-contingent presentations of the nicotine cue were scheduled based on the different experimental conditions that are described in detail in experiment 1 as follows.
For the reinstatement tests (described as follows), the extinction sessions were conducted without pre-session menthol administration, nicotine delivery, or nicotine cue presentation. The criterion for extinction was three consecutive sessions, in which the number of responses per session was ≤ 20% of the responses averaged across the last three sessions of the self-administration training phase. All of the rats underwent 10 extinction test sessions, because our previous studies showed that n i c o t i n e -m a i n t a i n e d r e s p o n d i n g w a s t y p i c a l l y extinguished within 7-10 sessions (Liu et al. 2008; Liu 2010 Liu , 2014 .
Reinstatement
Starting the following day after the rats completed the final extinction session, the reinstatement tests began. In these test sessions, responses on the active lever resulted in a saline infusion on an FR5 schedule. Pre-session administration of menthol or its vehicle and/or insession presentation of the nicotine cue was scheduled based on the different experimental conditions described as follows. The test sessions lasted 1 h.
Experiment 1: Effects of menthol and its combination with nicotine cue on the extinction of nicotine-seeking behavior
After completing the nicotine self-administration training phase, the rats were divided into four groups (n = 10/group) for the extinction tests. As described above, nicotine was unavailable to any of the groups in the test sessions. However, one group received neither pre-session menthol (vehicle instead) administration nor in-session cue presentation (vehicle/ −); the second group had pre-session menthol administration but no in-session cue presentation (menthol/− or menthol alone); the third group did not get pre-session menthol (vehicle instead) administration while received in-session cue presentation (vehicle/cue or cue alone). The last group received both pre-session menthol administration and in-session cue presentation (menthol/cue).
Experiment 2: Effects of menthol and its combination with nicotine cue on the reinstatement of nicotine-seeking behavior Twelve rats were used for the reinstatement tests. As described previously, these rats received 25 daily nicotine selfadministration training sessions with pre-session administration of menthol and then were subjected to 10 daily extinction (saline substitution of nicotine) sessions without pre-session menthol administration or in-session cue presentation. Then, the reinstatement test sessions began. Three test sessions were conducted in the following order: (1) pre-session menthol administration but no in-session cue presentation (menthol alone), (2) no pre-session menthol administration (vehicle instead) but with in-session response-contingent cue presentations (cue alone), and (3) both pre-session menthol administration and in-session cue presentations (menthol + cue). Two extinction sessions were inserted between the reinstatement tests to maintain the extinction baseline before each test session.
Experiment 3: Effects of the TRPM8 antagonist on menthol-reinstated nicotine-seeking behavior Ten rats were used for this test. The rats underwent nicotine self-administration and extinction training exactly like rats described in experiment 2 previously. After completion of the 10 daily extinction sessions, three reinstatement test sessions were performed after an intraperitoneal administration of menthol (0.1 mg/kg) given 5 min prior to the sessions. Two hours before menthol administration, rats were subjected to an intraperitoneal administration of a selective TRPM8 antagonist RQ-00203078 (purchased from Tocris Bioscience, UK) at 0, 0.3, and 3 mg/kg (dissolved in DMSO and then diluted with deionized water) in a within-subject Latin square design. These doses were selected based on the fact that in rats, the ED50 value of RQ-00203078 via oral administration is 0.65 mg/kg and that RQ-00203078 at 3 mg/kg dose via intraperitoneal administration produced a profound TRPM8-blocking effect (Gong and Jasmin 2017; Ohmi et al. 2014) . To guarantee the extinction baseline before each test sessions, two extinction sessions were conducted between test sessions.
Experiment 4: Effects of menthol and its combination with nicotine cue on the reinstatement of nicotine-seeking behavior in menthol-naive rats A separate group of rats (n = 12) was used for this test. The rats underwent the experimental procedures described in experiment 2 previously, but they did not receive pre-session menthol administration in either the nicotine selfadministration or extinction phases. To serve as a control condition for pre-session menthol administration, these animals were subjected to pre-session vehicle administration. After completing the 10 daily extinction sessions, the reinstatement test sessions began, exactly as described for experiment 2. There were three reinstatement test conditions: (1) menthol alone, (2) cue alone, and (3) menthol + cue. Two extinction sessions were performed before each reinstatement test to maintain the extinction baseline.
Experiment 5: Effects of menthol and its combination with food cue on the reinstatement of food-seeking behavior
Ten rats received 25 daily 1-h food self-administration sessions on an FR5 schedule. As for nicotine tests described previously, menthol was intraperitoneally administered 5 min prior to each self-administration sessions. Then, ten daily extinction sessions were performed where neither presession menthol administration nor in-session cue presentation was provided. The subsequent three reinstatement test sessions were performed with two extinction sessions in between. The reinstatement conditions were (1) pre-session menthol administration but no in-session cue presentation (menthol alone), (2) no pre-session menthol (vehicle instead) administration but with in-session response-contingent cue presentations (cue alone), and (3) both pre-session menthol administration and in-session cue presentations (menthol + cue).
Statistical analyses
The number of lever responses is expressed as mean ± SEM. The lever response data from the extinction tests were analyzed using repeated-measures analysis of variance (ANOVA), with group (test conditions) as the betweensubject factor and session as the within-subject factor. Similar repeated-measures ANOVAs were used for the inactive lever response data. In the reinstatement tests, extinction baseline data were averaged across the two extinction sessions before each reinstatement test session. The reinstatement test data were analyzed using a one-way repeated-measures ANOVA with test condition as the factor. After overall significance in the ANOVAs, Fisher's protected least significant difference (PLSD) post hoc tests were used to verify differences among individual means.
Results
Nicotine self-administration
In the 25 daily 1-h sessions, the rats with pretreatment of menthol administration prior to each session developed steady lever-press responding for intravenous infusions of nicotine. The mean ± SEM number of responses pooled across the final three sessions was 86.4 ± 9.2 on the active and 12.0 ± 4.4 the inactive lever. Correspondingly, these animals selfadministered 14.1 ± 2.6 infusions of nicotine at a unit dose of 0.03 mg/kg/infusion. The 12 rats with pre-session vehicle administration (see experiment 4) developed nicotine selfadministration at the same rate with responses of 81.1 ± 9.3 on the active lever and 14.5 ± 5.1 on the inactive lever and self-administration of 14.7 ± 3.9 nicotine infusions.
Effects of menthol and its combination with nicotine cue on the extinction of nicotine-seeking behavior
After completing nicotine self-administration and conditioning training with pre-session menthol administration, the extinction tests began. These rats were divided into four groups in a pseudorandom manner, with no difference among groups in the number of responses on the active lever (F 3, 36 = 0.037, p = 0.99) or inactive lever (F 3, 36 = 0.041, p = 0.99) or the number of nicotine infusions earned (F 3, 36 = 0.036, p = 0.99; Table 1 ). In the subsequent extinction test, the omission of nicotine delivery (saline substitution) resulted in a gradual decrease in responding on the active lever in all rats. However, these animals presented distinct response profiles (Fig. 1, top ). An overall two-way repeated-measures ANOVA revealed significant main effects of group (F 3, 36 = 11.42, p < 0.0001) and session (F 9, 324 = 40.99, Table 1 Similar profiles of nicotine self-administration behavior among the four groups of rats prior to the extinction test (shown in Fig. 1 The animals were trained to self-administer nicotine with pre-session menthol administration. The data are expressed as the mean ± SEM across the final three self-administration sessions p < 0.0001) but no group × session interaction (F 27, 324 = 1.05, p = 0.4037). A following Fisher's PLSD post hoc test showed a significant (p < 0.01) difference of menthol alone, cue alone, or menthol/cue groups from the rats under vehicle/− condition. A one-way ANOVA of active lever responses averaged across the final three sessions confirmed a significant effect of group (F 3, 36 = 5.62, p < 0.01) and post hoc test showed significantly higher levels of responding in the menthol alone (p < 0.05), cue alone (p < 0.01), and menthol/cue (p < 0.001) groups compared with rats under vehicle/− condition (Fig. 1,  below) . Although the menthol/cue group emitted more responses relative to the menthol alone and cue alone groups, the difference failed to reach statistical significance. Throughout the extinction sessions, the number of responses on the inactive lever remained low and was not significantly different among groups (F 3, 36 = 1.82, p > 0.05) or across sessions (F 9, 324 = 0.85, p > 0.05). These data indicate that continued pre-session menthol administration, the responsecontingent presentation of nicotine cues, and their combination significantly sustained responding on the active, previously nicotine-reinforced lever, thus delaying the extinction of nicotine-seeking behavior.
Effects of menthol and its combination with nicotine cue on the reinstatement of nicotine-seeking behavior
As shown in Fig. 2 , in the reinstatement test sessions (n = 12), pre-session readministration of menthol, response-contingent presentations of the nicotine cue, and the combination of menthol and the cue effectively reinstated the extinguished responding on the active, previously nicotine-reinforced lever.
A one-way repeated-measures ANOVA of active lever responses revealed a significant effect of test condition (F 3, 33 = 14.01, p < 0.0001). Fisher's PLSD post hoc test confirmed significantly more responses in the menthol alone (p < 0.05), cue alone (p < 0.05), and menthol + cue (p < 0.0001) conditions compared with extinction. The number of active lever responses in the menthol + cue condition was significantly higher than in the menthol alone (p < 0.01) and cue-alone (p < 0.05) conditions. Responses on the inactive lever remained low and indistinguishable from the extinction baseline level (F 3, 33 = 0.13, p > 0.05, data not shown).
Effects of the TRPM8 antagonist on menthol-induced reinstatement of nicotine-seeking behavior
As shown in Fig. 3 , treatment with the TRPM8 antagonist RQ-00203078 prior to menthol (0.1 mg/kg) administration did not alter nicotine-seeking responses that were reinstated Fig. 2 Lever responses in the reinstatement tests in rats (n = 12) that were trained to self-administer nicotine with pre-session menthol administration. Menthol represents the pre-session menthol without the in-session cue presentation condition. Cue represents the pre-session vehicle with the in-session cue presentation condition. Menthol+Cue represents the pre-session menthol with the in-session cue presentation condition. The data are expressed as the mean ± SEM number of lever responses. *p < 0.05, ****p < 0.0001, significant difference from extinction baseline; ++ p < 0.01, significant difference from menthol;^p < 0.05, significant difference from cue Fig. 1 Top: extinction profiles of responses on the active lever (nicotineseeking behavior) in different test conditions in rats (n = 10/group). The animals were trained to self-administer nicotine with pre-session menthol administration. SA indicates lever responses averaged across the final three self-administration sessions. Vehicle/− represents the pre-session vehicle without the in-session cue presentation condition. Menthol/− represents the pre-session menthol without the in-session cue presentation condition. Vehicle/Cue represents the pre-session vehicle with the insession cue presentation condition. Menthol/Cue represents the presession menthol with the in-session cue presentation condition. For the sake of clarity, the means are presented without the SEM. Below: the mean ± SEM number of active lever responses pooled across the final three extinction sessions. *p < 0.05, **p < 0.01, significant difference from the vehicle/− group by menthol. A one-way repeated-measures ANOVA of active lever responses produced no significant effect of RQ-00203078 treatment (F 2, 18 = 0.19, p = 0.828).
Effects of menthol in the reinstatement tests in menthol-naive rats
A separate group of rats (n = 12) underwent the nicotine selfadministration/conditioning and extinction phases as described previously but without pre-session menthol administration. In the reinstatement tests (Fig. 3) , these rats presented cue-induced reinstatement of extinguished active lever responses. However, pre-session menthol administration in these menthol-naive rats did not produce an effect, regardless of cue presentations. The one-way repeated-measures ANOVA of active lever responses revealed a significant effect of test condition (F 3, 33 = 13.10, p < 0.0001). Fisher's PLSD post hoc test confirmed a significant difference between the cue alone (p < 0.01) and the menthol + cue (p < 0.01) conditions and the extinction and menthol alone conditions. Responses on the inactive lever remained at low levels that were indistinguishable among the different test conditions (F 3, 33 = 1.13, p > 0.05, data not shown) (Fig. 4) .
Effects of menthol on food-seeking behavior
As shown in Fig. 5 , response-contingent representation of food cue effectively reinstated the extinguished responses on the active lever. However, menthol did not produce an effect either by itself or together with food cue relative to cue alone. After a one-way repeated-measures ANOVA of active lever responses yielding a significant effect of test condition (F 3, 27 = 6.46, p < 0.01), subsequent post hoc tests found a significant effect of food cue (p < 0.01) but not menthol (p > 0.05).
Discussion
The present study demonstrated an occasion-setting role of menthol in the perseverance and reinstatement of nicotineseeking behavior. In rats that were trained to self-administer nicotine with pre-session menthol administration, continued menthol administration sustained nicotine seeking under the extinction test condition. After nicotine-reinforced lever responding was extinguished by withholding nicotine delivery without pre-session menthol administration, the resumption of pre-session menthol administration reinstated nicotineseeking behavior. In both cases, pre-session menthol administration interacted with a discrete nicotine-conditioned cue to produce a more robust effect. Interestingly, the responsereinstating effect of menthol was not changed by a selective TRPM8 antagonist. However, in rats that had selfadministered nicotine but did not receive pre-session menthol administration (menthol-naive subjects), menthol Fig. 4 Lever responses in the reinstatement tests in menthol-naive rats (n = 12). Menthol represents the pre-session menthol without the insession cue presentation condition. Cue represents the pre-session vehicle with the in-session cue presentation condition. Menthol+Cue represents the pre-session menthol with the in-session cue presentation condition. The data are expressed as the mean ± SEM number of lever responses. **p < 0.01, significant difference from extinction or the menthol condition Fig. 3 Effect of the TRPM8 antagonist RQ-00203078 on mentholinduced reinstatement of nicotine-seeking responses in the rats (n = 10) trained to self-administer nicotine with pre-session menthol administration. The data are expressed as the mean ± SEM number of lever responses Fig. 5 Lever responses in the reinstatement tests in the rats (n = 10) that were trained to self-administer food pellets with pre-session administration of menthol. The data are expressed as the mean ± SEM number of lever responses. **p < 0.01, significant difference from extinction or the menthol condition administration neither reinstated nicotine-seeking behavior nor interacted with the nicotine cue. These results extended a role of menthol in directly enhancing nicotine reinforcement, as demonstrated in our previous work (Biswas et al. 2016) , to an interoceptive cueing effect of menthol on nicotine-seeking behavior. In contrast, menthol did not produce a similar effect in the rats trained to self-administer food with pre-session menthol administration. This is the first report showing that menthol at a very low dose incapable of directly enhancing nicotine reinforcement can acquire occasion-setting properties and thus set an occasion for nicotine self-administration. In the extinction tests, the continued presence of menthol sustained nicotine-seeking responses relative to the menthol omission counterparts. The finding that menthol acted as an occasion setter (or a discriminative cue) for nicotine-seeking behavior is in line with the reports demonstrating that the interoceptive state produced by a drug (e.g., nicotine, alcohol, cocaine, and Δ
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-tetrahydrocannabinol) functioned as a discriminative stimuli for operant responding for natural rewards, such as food and sex (Troisi 2003; Troisi and Akins 2004; Troisi et al. 2010) . Using a similar procedure in rats, we observed a similar effect of caffeine in sustaining nicotine-seeking behavior as long as presession caffeine administration preceded every session during the self-administration phase (Liu and Jernigan 2012) . The results obtained with such a low dose of menthol may be applicable to most tobacco users but not only menthol cigarette smokers. Such an interoceptive cueing effect of menthol may have clinical implications. For example, abstinent smokers, particularly those who use mentholated tobacco products, may experience stronger craving for tobacco when they ingest menthol-containing products, such as chewing mint gum or drinking minty drinks. Thus, refraining from exposure to all menthol-containing products during smoking cessation might protect individuals from strong tobacco craving.
Another finding of the present study was that in the reinstatement tests that were conducted after extinction by withholding menthol administration and nicotine delivery and its cue, readministration of pre-session menthol effectively reinstated extinguished nicotine-seeking behavior. In contrast, the response-reinstating effect of menthol was not observed in rats with a history of self-administering food after pre-session menthol administration. And interestingly, the responsereinstating effect of menthol was observed only in rats that had been trained to self-administer nicotine with pre-session menthol but not in the rats that had received exactly the same nicotine self-administration training but without pre-session menthol. This finding can be explained in the frame of the previously discussed occasion-setting effect of menthol and is consistent with previous studies, in which discriminative stimuli effectively reinstated extinguished drug-seeking behavior in animals that were trained to self-administer cocaine, heroin, alcohol, nicotine, and sucrose (Alvarez-Jaimes et al. 2008; Barker et al. 2014; Burbassi and Cervo 2008; Ciccocioppo et al. 2001; Gracy et al. 2000; Kallupi et al. 2013; Katner et al. 1999; Widholm et al. 2011; Wing and Shoaib 2008) . The present results mirror our previous report that showed that caffeine influences nicotine seeking (Liu and Jernigan 2012) . That study, using a similar protocol in rats, demonstrated a significant role for caffeine in the persistence and reinstatement of nicotine-seeking behavior as long as the animals received caffeine administration prior to every nicotine self-administration training sessions, that is, the interoceptive state that was produced by caffeine acquired the properties of an occasion setter or discriminative stimulus that was predictive of nicotine availability. These findings are in line with clinical studies showing tobacco craving after exposure to a smoking-related virtual reality environment (occasion setter) but without the presence of explicit cigarette cues (Conklin et al. 2008) .
Another finding of the present study was that in mentholexperienced rats, pre-session menthol administration interacted with the discrete nicotine-conditioned cue to produce a much stronger behavioral effect. The interactive effect of pre-session menthol administration as an occasion setter and discrete nicotine-conditioned cue is consistent with results that were obtained in rats that were trained to self-administer other drugs of abuse (e.g., cocaine and alcohol) or natural rewards (e.g., Cervo et al. 2013; Katner et al. 1999; Moro et al. 2016; Weiss et al. 2001 ). It could be postulated that pre-session menthol administration produced an interoceptive state (an occasion setter) that signaled the availability of nicotine reward and brought the rats into contact with the lever while the response-contingent presentation of the cue then served as conditioned reinforcement to support responding on the lever. Similar interactive effects of occasion-setting stimuli and discretely conditioned cues in eliciting cigarette craving can be observed in smokers. For example, Paris et al. (2011) reported that a virtual reality environment (i.e., occasion-setting stimuli) and discrete cigarette cues evoked the strongest smoking craving.
In this study, menthol was administered to rats via an intraperitoneal route in order to eliminate the topical and sensory effects of menthol. Together with the negative results obtained from the test using a selective TRPM8 antagonist RQ-00203078, it is confident to conclude that the occasionsetting effect of menthol for nicotine seeking does not involve the classic menthol receptors, the TRPM8 ion channels (Peier et al. 2002) located at the peripheral sensory nerve terminals. In light of increasing evidence showing that menthol can exert its action on neurotransmitter receptors such as the nicotinic acetylcholine receptors, r-aminobutyric acid receptors, and serotonin receptors in the central nervous system (Ashoor et al. 2013a, b; Lau et al. 2014; Ton et al. 2015) , it is suggested that menthol may act directly at central neurotransmitter receptors in the present experimental preparation. Future studies are warranted to elucidate the central-mediated mechanisms via which menthol sustains nicotine-seeking behavior.
In summary, the present results demonstrated that both presession menthol administration and in-session cue presentation contributed to the perseverance and recovery of nicotineseeking behavior in a rat model of nicotine seeking. Interactive actions between the menthol and the nicotine cue produced the most robust behaviorally motivating effect. The present study suggests that menthol administration may acquire, via its continual association with nicotine self-administration, the properties of a discriminative stimulus that is predictive of the availability of nicotine reinforcement. Menthol effectively sustained nicotine-seeking behavior in the extinction tests and reinstated extinguished nicotine seeking in the reinstatement tests. These effects of menthol are specific for nicotine seeking and independent of its peripheral and sensory actions. These findings suggest that menthol administration in smokers may set the occasion for nicotine intake and serve as a reminder of tobacco smoking, which would then facilitate nicotine seeking and trigger relapse. Together with other clinical and animal observations that showed that menthol may interact with nicotine to increase nicotine reinforcement (Ahijevych and Garrett 2004; Ahijevych and Garrett 2010; Alsharari et al. 2015; Biswas et al. 2016; Wang et al. 2014) , these data indicate that menthol may significantly contribute to the initiation, progression, and relapse of tobacco smoking.
